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DIGITAL MODEL OF GROUND-WATER FLOW IN THE PICEANCE BASIN,

RIO BLANCO AND GARFIELD COUNTIES, COLORADO

By John B. Weeks

ABSTRACT

The digital model wused to simulate ground-water flow in the aquifer
system in the basin drained by Piceance and Yellow Creeks in northwestern
Colorado is described in detail. The model is quasi three-dimensional in that
it simulates ground-water flow in a multiaquifer system by assuming horizontal
flow in the aquifers and vertical flow through the confining layers separating
the aquifers. The model uses the iterative alternating-direction implicit
procedure to solve the finite-difference flow equations.

The digital model 1is documented by a program listing and flow charts.
Data used in the model and sample output are presented to document the
simulation of steady-state flow in the aquifer system. The variables used in
the computer program and program options are discussed in detail.

INTRODUCTION

The Piceance basin (fig. 1), which consists of the drainage basins of
Piceance and Yellow Creeks, contains extensive deposits of oil shale in the
Green River Formation of Eocene age (Donnell, 1961). The hydrology of the
Piceance basin has been studied by the U.S. Geological Survey since 1964, when
the Survey, in cooperation with the Colorado Water Conservation Board, began a
reconnaissance investigation. Coffin, Welder, Glanzman, and Dutton (1968) and
Coffin, Welder, and Glanzman (1971) reported on the study.

Intensive environmental studies have been conducted in the area since
1971 when the U.S. Department of the Interior announced plans for a prototype
leasing program to permit development of a small part of the oil-shale
resources on public lands in Colorado, Utah, and Wyoming. In 1974, two
prototype leases in the Piceance basin, tracts C-a and C-b, were sold by
competitive bidding for private development under controlled conditions.
Development of lease tracts C-a and C-b will require mine-dewatering systems
which may have significant effects on the water resources of the Piceance
basin.
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In 1972, the U.S. Geological Survey, in cooperation with the Colorado
Department of Natural Resources, began a comprehensive study of the water
resources of the Piceance basin. Water-resources data were compiled and
published by Ficke, Weeks, and Welder (1974) and Weeks and Welder (1974). A
water budget for Piceance and Yellow Creeks drainage basins was developed by
Wymore (1974) and an evaluation of hillslope and channel erosion was made by
Frickel, Shown, and Patton (1975). Ground-water flow and surface-water runoff
models were developed and used to predict the impact of development on the
quantity and quality of water in the basin. The results of the study were
published in "Simulated Effects of 0il-Shale Development on the Hydrology of
Piceance Basin, Colorado," by Weeks, Leavesley, Welder, and Saulnier (1974),
U.S. Geological Survey Professional Paper 908.

Purpose and Scope

The report by Weeks, Leavesley, Welder, and Saulnier (1974) briefly
describes the digital model used to simulate ground-water flow in the Piceance
basin; however, details of the model were not presented. The purpose of this
report is to describe the ground-water flow model in detail and document the
computer program used to make the analyses contained in the above report.

The digital model was designed to simulate flow in the multiaquifer
system in the Piceance basin. The theoretical development of the finite-
difference equations used to approximate the equations governing ground-water
flow and a complete listing of the computer program used to solve the equa-
tions are included in this report. Input data used in the model and the
resulting solution output are presented also. Although the model s
specifically for the Piceance basin, those people who are experienced in
modeling should have no difficulty in revising the computer program to
simulate other multiaquifer systems. ’

Multiaquifer System

A brief description of the geohydrology of the Piceance basin 1is pre-
sented below. The purpose of this discussion is to familiarize the reader
with the type of multiaquifer system simulated by the digital model. For a
detailed discussion of the multiaquifer system, the reader is referred to
Weeks, Leavesley, Welder, and Saulnier (1974).

The ground-water system in the Piceance basin, an area of about 900
square miles, consists of two principal aquifers. The upper and lower
aquifers are separated by the Mahogany zone in the Parachute Creek Member of
the Green River Formation as shown on figure 2. The Mahogany zone is less
permeable than the aquifers it separates.

The upper aquifer consists of fractured, lean oil shale (marlstone) in
the upper part of the Parachute Creek Member above the Mahogany zone and the
fractured marlstone, siltstone, and sandstone of the overlying Uinta Formation
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of Eocene age (fig. 2). The permeability of the aquifer is mainly due to
secondary or fracture porosity. The upper aquifer is about 1,000 feet thick
in the center of the basin and consists of a series of marlstone and sandstone
beds with varying permeabilities and degrees of confinement. The aquifer is
generally confined by Jlow-permeability sandstones but may be unconfined in
many locations, particularly near outcrop areas.

The upper and lower aquifers are separated by the Mahogany =zone, an
interval of rich oil shale 100 to 200 feet thick. The Mahogany zone extends
to all margins of the basin and impedes the flow of water between the
aquifers.

The lower aquifer consists of fractured maristone in the lower part of
the Parachute Creek Member below the Mahogany zone (fig. 2). The secondary
porosity and permeability of the Jlower aquifer have been enhanced by the
solution of minerals. The thickness of the lower aquifer is generally 400 to
700 feet but may be as much as 1,000 feet. In the central part of the basin,
the high-resistivity zone (fig. 2), an interval of rich oil shale, forms the
base of the 1lower aquifer. Where the high-resistivity zone is not present,
the Garden Gulich Member of the Green River Formation (fig. 2), which has low
permeability, is the base of the aquifer system.

Recharge to the aquifers mainly occurs from snowmelt above an altitude of
7,000 feet along the basin margins. Recharge infiltrates to the upper aquifer
and flows toward the north-central part of the basin as illustrated on figure
2. In the recharge area, the hydraulic head in the upper aquifer is higher
than that in the 1lower aquifer and water moves down, through the Mahogany
zone, to the lower aquifer. In the north-central part of the basin and in the
major stream valleys, the hydraulic heads in the aquifers are reversed and
water moves upward from the lower aquifer through the Mahogany zone. Water
from the aquifers is eventually discharged in the stream valleys as
evapotranspiration and base flow. Ground-water discharge to the White River
(fig. 1) is prevented by the structure of the basin.

Very 1little development of the ground-water resource has occurred in the
Piceance basin. Consequently, the ground-water system has not been signifi-
cantly stressed and changes in the system are due to natural variations in
recharge only. Thus, for the purposes of modeling, the aquifer system was
assumed to be in a condition of dynamic equilibrium or steady state.

DIGITAL MODEL

A digital model of ground-water flow in the Piceance basin was developed
so that hypothetical dewatering operations for oil-shale mines at tracts C-a
and C-b (fig. 1) could be simulated. To develop the model, the aquifer system
was idealized to permit a mathematical description of the system.



Conceptual Model

The upper and lower aquifers are assumed to be horizontal and isotropic.
The Mahogany zone confining layer is assumed to permit vertical connection
between the aquifers without storage in the confining layer. The flow model
assumed for the Piceance basin aquifer system is illustrated on figure 3 by a
generalized east-west cross section through the model system. It is assumed
that  water enters the model aquifer system by recharge from precipitation in
the recharge areas at a specified rate. Ground water circulates through the
upper and Tower aquifers in response to differences in potentiometric heads.
The ground water is finally discharged to the stream valley as base flow and
evapotranspiration. The lateral and lower boundaries of the aquifer model are
assumed to be impermeable so that no water can enter or leave the system by
crossing the boundaries. Thus, under steady-state conditions, the rate of
recharge must equal the rate of ground-water discharge to the stream valleys.

West  Potentiometric surface East
Upper aquifer
— Z Lower aquifer /J
— ~ Discharge s —
~ -
~__ Vi
Nt — 7
Recharge | N ) /
\4 A\
Horizontal M \/ Upper
flow aquifer
Vertical Confining
leakage layer
Horizontal Lower
flow

aquifer

Figure 3.--Flow model of the aquifer system.
(From Weeks and others, 1974.)

The 1lateral boundaries of the aquifer model are shown on figure 4. The
lateral boundaries of the model are assumed to be impermeable and coincide
with the outcrop of the Green River Formation on the north, east, and west.
To the south, the model boundary is assumed to be impermeable and coincide
with the ground-water divide on the Roan Plateau. The modeled area is about
900 square miles. The stream valleys of Piceance Creek, Yellow Creek, Dry
Fork Piceance Creek, and Black Sulphur Creek (fig. 4) are assumed to be
constant-head boundaries in the upper aquifer, and represent areas where
ground water is discharged to the stream valleys from the upper aquifer.
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Mathematical Model

The digital model wused to simulate the multiaquifer system in the
Piceance basin was originally developed by Bredehoeft and Pinder (1970). The
model is quasi three-dimensional in that it simulates a three-dimensional,
multiaquifer system by assuming horizontal flow in the aquifers and vertical
flow through the confining Tlayers, or beds, which separate the aquifers.
These assumptions reduce the mathematical problem to one of solving coupled
two-dimensional equations for each aquifer in the system. An iterative,
alternating-direction-implicit scheme 1Is used to solve the system of
simultaneous, finite-difference equations which describe the response of the
aquifer system to applied stresses.

Bredehoeft and Pinder (1970) tested the model by simulating pumpage from
a leaky aquifer system for which the theoretical solution for drawdown was
known. The agreement between the numerical solution and the theoretical
solution (Bredehoeft and Pinder, 1970, fig. 2) was excellent.

Ground-Water Flow Equation

The general equation which governs the flow of water in a two-dimen-
sional, isotropic, confined aquifer is:

O (R28) 4 & (nih) - 2
&néfax * Y Tay) - Sat * W(m,y,t), (1)

where T is the transmissivity of the aquifer (L2/t),
h is the hydraulic head in the aquifer (L),
S is the storage coefficient of the aquifer (dimensionless), and
W(x,y,t) is the flow rate per unit area of a source or sink (L/t).

The transmissivity and storage coefficient are both functions of the space
variables «x and y. The source term is a function of the space variables,
time, ¢, and also may be a function of hydraulic head. The source term, W,
incorporates the effects of natural recharge or discharge, recharge or
discharge from wells, and leakage from adjacent aquifers. For leakage without
storage in the confining bed, the vertical flow through the confining bed to
an adjacent aquifer is given by:

_EG,
L=:~(h-h, (2)
L is the flow rate per unit area (L/t),
h is the hydraulic head in the adjacent aquifer (L),
K' is the vertical hydraulic conductivity of the confining layer (L/t),

m is the thickness of the confining layer (L).

Equation 1 can be written for both the upper and lower aquifers. Sub-
stitution of L, along with other appropriate source and (or) sink terms, for W



couples the equations describing the head distribution in the two adjacent
aquifers.

The appropriate boundary and initial conditions required to obtain a
unique solution to equation 1 depend on the conceptual model. The boundaries
of the conceptual model are assumed to be impermeable. Therefore, the
boundary conditions applicable to equation 1 require that the partial
derivative of the head, #, in the direction normal to the aquifer boundary
must be zero. For transient-flow problems, the initial conditions require
specifying the head, %, as a function of the space variables, x and y, at time
zero. For steady-state flow, the solution to equation 1 is independent of
time and, therefore, independent of initial conditions.

Finite-Difference Approximations

To solve equation 1 for heterogeneous aquifers with irregular boundaries,
the aquifers are subdivided into rectangular blocks in which the aquifer
properties are assumed to be uniform. The derivatives in equation 1 are
replaced by finite-difference approximations for the derivatives at the center
of each block. The result is a system of simultaneous algebraic equations
(Bredehoeft and Pinder, 1970) which can be solved efficiently by digital
computers.

The finite-difference approximations to equation 1 were developed for a
block-centered grid with variable grid spacing. The index scheme used for the
grid system is shown on figure 5. The approximation method used is known as
the iterative alternating-direction implicit procedure (Douglas and Rachford,
1956). The procedure consists of two steps involving the solution of two
tridiagonal sets of equations for each aquifer. The first tridiagonal set of
equations is derived by expressing one space derivative implicitly and the
other explicitly in terms of known head values from the previous iteration.
The next step is to reverse the procedure of the first step utilizing the
intermediate solution as known values. Thus, the procedure is to alternate
the direction of the implicit and explicit derivatives. For the calculation
by rows (82h/3x2 implicit), equation 1 can be approximated by

1_ _E _< eh s ( (3_7?_) '
Ax 3 JJsk i- %, J k Ay ay 7 J'f';/ k % ,J-—;’ k

S. . :
_ iyd(ntE ntksx _.n
= %, G R AP o P )

where Az, is the width of column ©7 (fig. 5)(L),
Ay is the height of row j (fig. 5)(L),
Atk is the k" time increment (t),
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Figure 5.--Index scheme for finite—~difference grid at block (i, j).

is an acceleration parameter,

™~

is the column index,

is the row index,

is the time index, and
is the iteration index.

S Q..

The purpose of the acceleration parameter is to reduce the number of itera-
tions to converge to a solution.

The derivatives in equation 3 can be approximated as follows:
L
A T n+% nt+%
oz = \az, ort,goe " PaLg.n) ()
i+k,d,k e AN >J

The ratio (T/Ax)i+; 4 in equation 4 must be approximated using known values at
25

blocks (Z,4) and (Z+1,7). The ratio is usually approximated by the harmonic
mean of the ratios at the two neighboring nodes. Thus, if

27, /L
<Z_7_> = 7'+1:;Z Tsd (5)
?
bofspy i BT st 8T

10



and

1 T>
A, .= —[=— , 6a
1 <T>
C, .= —(=— , (6b)
1sJ Axi Ax ik, g
1 (T )
E. .= — (=— , (6¢)
el Mg\ gy

1 (T
P = (L , (6d)
Lad Y N

equation 3 for row computations can be written as

+% n+% n+% n+%
A..hyf2.—h.2.>+c..h.2.-.2.>
7’:«7(7/’1:«7:7( 7’::737( 1,5 7'+13<73k 7/.n7.,k

n " " n
* 8 g~ M) * P (gr i~ Han)

_ Si,j (hn+% _ 1

= (i hn+52’ 0
Atk Tyd,K

i,j,k-1> Wyt Iy (T - W) @

Similarly, the equation for column computations (324/82y implicit) is
nt% Nt nt% _ o nti
Avs,j@i-w,k hv:,j,k) * Cv:,j<hv:+1,j,k v:,j,k)
n+1 n+1 n+1 gyt
* Ei,j@i,j-uk ) v Fi,j@v:,jﬂ,k hi,j,k>

S. .
_ _Tydfyntt ntl . ontk )
= 3t (5 hi,j,k-1> 0t e P ®

An iteration consists of alternately solving equations 7 and 8 for each
aquifer in the system. For the model of the Piceance basin, there are two
aquifers and an iteration consists of solving the row and column equations for
the upper aquifer and repeating the procedure for the lower aquifer. For each
time step, iteration continues until the greatest head difference between
consecutive iterations is less than a prescribed error or tolerance. When
closure is achieved, the procedure is repeated for the next time step.

11



The acceleration parameters, IZ’ are calculated by the model from the
equation

(9)

I, = wZ<Ai’j + Oy st B F,LJ>

where the iteration parameter, wy, ranges between a maximum value of one and a
minimum value computed from

. .. 72 1

w . = Min (for all 4,4) 2 D .(Ayi)z ,
R I At
by F; (02

'IT2 1 (
10)

2N2 Ay .F, .(Ax )% |’

y oy, 0 £,4\2%4)

Ax.C. . (AyJ)Y

171,d
where Nx is the number of columns and Ny is the number of rows. Recall from
equation 6 that Ax.C. . and Ay .F. . are the harmonic means of the ratios as

171, 1 1,d

defined by equation 5. The set of parameters, wy, are spaced in a geometric
sequence by the formula

W = w, exp . 1/wmin , (11)

+1 A
M- 1

where M is the number of iteration parameters selected by the user. The

parameters, wy, are computed once in the model and stored in an array. As

iteration proceeds, beginning with Wy =W the iteration parameters are

cycled. The acceleration parameter, IZ’ is calculated from equation 9 during

the solution of each set of row or column equations.

The optimum number of iteration parameters is problem dependent. For the
Piceance basin model, five to seven iteration parameters will provide rapid
convergence for transient solutions. For a more detailed discussion of the
iteration parameters, see Trescott, Pinder, and Larson (1976, p. 20).

The source term, Wi ik incorporates the effects of pumpage, recharge,

U3
and leakage through the confining layers. Assuming outflow 1is positive and

inflow is negative,

Q.

W, . o=—ted _ g up. ., 12
T,J,K Axiij Tyd 1,J,K (12)
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where @, ; is the well discharge rate at block (7,4) (L3/t),

L]

R, f is the recharge rate per unit area of block (<,4) (L/t), and

L is the leakage (flow rate per unit area) to adjacent aquifers at

1,4,k th
block (Z,4) during the k' time step (L/t).

The well discharge rate (Qi j) and the recharge velocity (rate per unit
£

j) are specified at each block in the model. Well discharge s

assumed to be constant for a specified pumping period which may include
several time steps. The recharge rate is assumed to be constant throughout
the period of simulation. However, leakage through the confining layers (in-
cluding discharge to constant-head boundaries) is computed by the model during
each iteration. For the upper aquifer,

area, R.
T,

A

L =V

r r N
ot = Vg (g = 70,5) + Ve g0 5~ 50 (13)

where WT i is the constant hydraulic head in the upper aquifer at (Z,J) (L),

3
v, 3 is the leakance (X'/m) of the layer confining the upper aquifer
*Yat (4,4) (t71),
hz ik denotes the hydraulic head in the lower aquifer at (Z,J,%)
33U s
calculated during the previous (nth) iteration (L),

~

14

.5 is the leakance of the confining layer separating the upper and
E

lower aquifers at (Z,4) (t~1), and

r is the iteration index which equals n+% for row computations and
n+1 for column computations.

The constant hydraulic heads (WTi,j) and the leakance of the upper con-
fining layer (Vi,j) are convenience arrays used to control discharge from (or
recharge to) the upper aquifer to surface streams (constant-head boundaries).
For example, if a constant head at block (Z,j) in the upper aquifer is desir-

ed, then the desired constant head is assigned to WTi J and an extremely large
L]

leakance value s assigned to V. Application of Darcy's law causes the

1,d"

hydraulic head in the upper aquifer, %. . , to be about equal to WI'. .. The
i_,J_,k Tsd

values initially assigned to WTi 7 are never changed during computing.
3
Although not applicable to the model of the Piceance basin, the WT and V
arrays can be used to simulate flux between the upper aquifer and an overlying
water-table aquifer. |In addition, the arrays can be used to model the effects
of low permeability stream sediments on ground-water discharge to streams or
other surface-water bodies.

13



For the Jlower aquifer, the leakage through the confining layer is given
by

W PR

Lpie = Vo, i ik — g, (14)

Equation 7 can now be rearranged so that all unknown quantities are on
the left side of the equation and all known quantities are on the right. By
substituting equations 12 and 13 for Wi 7.k in equation 7 and rearranging, the

3V

equation for row computations in the upper aquifer becomes

n+%
i:j i‘13j3k

1 +;,
Wtz Lo, WE

A .2 . .
N Tyd i+1,d,k

~ S. .
— _tad '
(A+C+V+V)i,j+Atk+IZ

=—£F. H . + @u ,+ F. .—-I)h7 . —F, W,
yd T,d=1,k Tyd %] 1) " iyd sk Tod Tod+1,k

S; 7 A Ay @ 4
- __,—_h' . - ’ OWTO Vl Oho . + -—-2—-‘_ - Rl . 1
Atk ﬁ,J,k-l ViaJ Tsd Tsd ﬁJJJk Axiij ﬁ,J’ ( 5)

which can be simplified to

n+s

+% n+%
4. HE WweE ooy o, WEE
1, 1-1,d,k

+ B. .2 S, . 16
Tyd Tsdsk Ty T+1,d,k (16)

=D. .,
Tsd

where Bi ; and Di P are defined by equation 15. This system of equations is
3 3

readily solved by the computer program using Gaussian elimination (Carnahan
and others, 1969, p. 441).

The form of equation 16 is identical for row or column computation in
both the upper and lower aquifers. For column computations in the upper
aquifer,

n+1 741 n+i
a. . . +b. W, ., +c. h. . =d. . 1
ﬁ:J $33‘15k ﬁ:J iaJsk c$33 $5J+13k ﬁ:J’ ( 7)
where a. . = E. .,
5d Tsd
~ S. .
= — — Fsd _
bi,j (a +c+V + V)i,j Atk IZ’
e. . =F, .,
Tsd 1sd
and .
% n+% n+%
d. .=—4. W77 +(A..+C..—I)h.2. —-C. K72,
Tsd 1yd =1,k Tyd Tyd 17,4,k 1,d 1+1,05k
S. . o Q.
Lady WT. . 5 L

— . -V, —v. W el R
Aty Lyd 5 k-1 Tyd  Tsd Tsd Tsdsk Az 0y ; 1sd
14



Equations 16 and 17 also apply to row and column computations in the
lower aquifer if n is replaced by # and the coefficients are computed from
transmissivity and storage-coefficient data for the Jlower aquifer. The
coefficients which are different are those involving the leakage term (see
equations 13 and 14).

Before equations 16 and 17 can be solved, values must be assigned to all
parameters from which the coefficients are computed. The values assigned to
the parameters become input data to the computer program. The input data that
must be provided are the block dimensions, transmissivity and storage
coefficients of the aquifers, leakance of the confining layers, initial
hydraulic heads in the aquifers, and the recharge velocity and pumping rate
for each node in the model. The input data are included in a listing at the
back of this report and will be discussed later. The development of the data
is discussed by Weeks, Leavesley, Welder, and Saulnier (1974).

Model Geometry

The digital model is based on a rectangular block-centered grid which
permits irregular grid spacing. The planar area of the model is divided into
a rectangular grid with the origin of the coordinate system at the northwest
corner. The map reference lines for the grid are shown on figure 6 and the
grid spacing is given in the input data listing for the computer program. The
grid system used for the Piceance basin aquifer system consists of 29 columns
and 33 rows. The grid spacing ranges from 1.0 to 2.8 miles. The locations of
constant-head nodes, which correspond to the location of streams hydraulically
connected to the upper aquifer, are shown on figure 6 also. The grid is
constructed so that at least one block at the beginning and end of each row
and column is outside the modeled area. This permits irregular model
boundaries within the rectangular grid. The finite-difference grid is used to
overlay maps of aquifer boundaries, transmissivity, storage coefficient,
leakance, and recharge so that values of the parameters required for computa-
tional purposes can readily be coded on card format for input to the model.

COMPUTER PROGRAM
The computer program is written in FORTRAN IV utilizing variables which

will enable users to adapt the model to other multiaquifer systems.

Program Variables

The principal variables used in the computer program are defined in ta-
ble 1. Several other wvariables are used in the program for intermediate
computations or array indices. The use of these variables is generally self-
explanatory in the program.
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Figure 6.--Block—centered, finite—difference grid used to model the Piceance basin aquifer
system showing township and range reference lines and grid—numbering system.
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Table 1.--Definitions of variables used in the computer program
which simulates ground-water flow in the Piceance basin

Variable Definition
AOPT(NITP) Array of iteration parameters.
BAL Transient mass balance.
FCTR Scale factor for input data.
FLUX1 Net outflow at start of time period.
FLUX2 Net outflow at end of time period.
HC (NX,NY,NL) Array of head values, column solution.

HT(NX,NY,NL)
HK(NX,NY,NL)
HMIN

HR(NX,NY,NL)

ID
TH(NX)
L

INT
IPMP

IRHI
KOUNT
N
NITP
NL

NPMP
NPNT
NREC
NTIM
NX

NY

OPTP
PARAM

P INT (NPMP)
PUMP

PYR
Q(NX,NY)
QIN
QouT
QSTR

R1,R2,R3

RCI (NX,NY,NL)
REC (NX,NY,NL)
RECH

REMN

Array of initial head values.

Array of head values, time step solution.
Minimum iteration parameter.

Array of head values, row solution.

Directional index for transmissivity array.
Array of head differences.

Aquifer or confining layer index.

Pumping period index.

Mass balance option variable.

Initial head option variable.

Iteration counter.

Time step index.

Number of iteration parameters.

Number of aquifers or confining layers.

Number of pumping periods.
Print control option variable.
Number of pumping nodes.
Number of time steps.

Number of columns.

Number of rows.

Output option variable.
Iteration parameter.
Array of pumping periods.
Total pumping rate.

Summation of pumping periods.
Outflow rate at constant head nodes.
Summation of inflow rate.

Summation of outflow rate.

Volume of water from aquifer storage.

Recharge rate factors.

Array of uniform recharge rates.
Array of recharge + pumping rates.
Total recharge rate.

Print control variable.

17



Table 1.--Definitions of variables used in the computer program
which simulates ground-water flow in the Piceance basin--Continued

Variable Definition
RCE Pumping rate at node.
S (NX,NY,NL) Storage coefficient array.
SUMT Summation of time.
TEST Convergence test variable.
TDEL Time step.
THCK(NX,NY,NL) Aquifer thickness array.
TIM(NTIM) Time step array.

TMRX (NX,NY, ID)
TOL

Harmonic-mean transmissivity array.
Convergence tolerance.

VFLUX Volume of flow to constant-head nodes.
VPRM(NX,NY,NL) Leakance or transmissivity array.
VPUMP Volume of pumping.

VRECH Volume of recharge.

WT (NX,NY) Array of constant hydraulic heads.
XDEL (NX) X-spacing array.

YDEL(NY) Y-spacing array.

The computer

Program Options

program has several options available to the user.

options control output printing, computations, and data input. Options are
assigned values in SUBROUTINE PARLOD between line numbers B46 and B51. The
line numbers appear at the right end of each line in the program listing. The
option variables have assigned values as follows:

Line B46: NPNT is a print control index. For transient-flow problems,
the head solution matrix is printed out every NPNT time steps. For steady-
state problems, the head solution is achieved during the first time step and
NPNT should be assigned an integer value greater than one.

Line B47: OPTP controls the printing of the hydraulic head solution
matrix. If OPTP is assigned the value 1, the solution matrix is printed in
tabular form. [f OPTP is assigned the value 2, the solution matrix is printed
in tabular and map form. The hydraulic-head maps can be contoured by hand
although the map is not to scale. |f OPTP s assigned the value 3, the
solution matrix is printed in tabular and map form and punched on card format.
The punched output is for use as initial conditions for subsequent simulations
or as input to a separate computer program to contour the solution at a
suitable map scale.

18



Line B48: IPMP controls the mass-balance computations. If IPMP is set
to zero, no mass balance will be computed. A mass balance is calculated if
IPMP is assigned the value 1 for steady-state solutions or 2 for transient
solutions.

Line B49: IRHI controls the method of inputing initial hydraulic-head
values. If IRH!I is equal to 1, initial hydraulic heads are read in card
format. If IRHI is equal to 2, initial hydraulic heads are assigned in
SUBROUTINE BOUDY.

Line B50: NITP is the number of iteration parameters to be computed in
SUBROUTINE PARLOD. The purpose of the iteration parameters is to speed
convergence to a solution. The optimum number of parameters is problem

dependent. For the two-aquifer model of the Piceance basin, five to seven
iteration parameters were found to provide rapid convergence for transient
problems. Simulation of steady-state conditions 1in the Piceance basin

resulted in extremely slow convergence irrespective of the number of iteration
parameters when relatively large leakance values were used. Rapid convergence
to a steady-state solution was achieved by obtaining a solution for the upper
aquifer [NL=1 and VPRM(NX,NY,2)=0]. The solution for the upper aquifer was
then used as initial conditions for the upper aquifer and lower aquifer in the
two-aquifer model. Rapid convergence was then obtained.

Line B51: TOL is the parameter used to test for convergence to a
solution. Convergence is achieved when the hydraulic head at every node in
each aquifer does not change in absolute value by an amount greater than TOL,
in feet, between successive iterations. The magnitude of TOL should depend on
the adequacy of the data to meet input-data requirements (a subjective eval-
vation by the user) and the range in hydraulic-head values expected in the
solution. However, the value of TOL must be small enough to obtain a
satisfactory solution as indicated by the mass balance. In the model of the
Piceance basin aquifer system, values of 0.1 foot for steady-state solutions
and 1.0 foot for transient solutions were assigned to TOL.

Input Variables

Input data required by the computer program are either read from cards or
assigned within the program. The formats for data read by the program are
contained in the program listing and summarized in table 2.

The following variables are read or assigned values at the 1line numbers
indicated in SUBROUTINE PARLOD.

Line B20: NTIM is the number of time steps per pumping period to be
assigned to the array TIM. For a steady-state solution, NTIM is assigned the
value 1. For transient solutions, NTIM must be assigned a value such that the
summation of NTIM time steps (SUMT) is equal to or greater than the Jlongest
pumping period. The value of NTIM must be less than 100 (the dimension of
array TIM). The last time increment (TDEL) in each pumping period is adjusted
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Table 2.--FORMATs for input variables read by the computer program

Order Variable and READ FORMAT line
read dimension FORMAT number
1----- PINT(25) 25F3.0 B 114
2---=- XDEL(29) 29F2.0 C 148
3----- YDEL (33) 33F2.0 C 149
I VPRM(29,33,2) 29F2.0 C 146
Ge--n- VPRM(29,33,2) 29F2.0 C 146
6----- WT(29,33) 10F8.2/10F8.2/9F8.2 D 65
7----- H1(29,33,2) 10F8.2 D 67
8----- RC1(29,33,2) 29F2.0 E 78
J— NREC 113 E 75
10----- IX,1Y,IL,RCE 313,F10.5 E 74

in SUBROUTINE ITERAT so that the solution will be obtained at éxactly the end
of each pumping period.

Line B21: NPMP is the number of pumping periods to be simulated. NPMP
must be assigned the value 1 for steady-state solutions and as much as 25
(dimension of PINT) for transient solutions.

Line B22: NX is the number of columns in the solution matrix or the
number of blocks in the X-direction of the finite-difference grid. The value
of NX is 29 in the model of the Piceance basin.

Line B23: NY is the number of rows in the solution matrix or the number
of blocks in the Y-direction of the finite-difference grid. The value of NY
is 33 in the model of the Piceance basin.

Line B24: NL is the number of aquifers or confining layers simulated.
The value of NL is 2 in the model of the Piceance basin. The upper aquifer
and overlying confining layer is indexed by the number 1 and the lower aquifer
and its overlying confining layer is indexed by the number 2.

Line B67: PINT(NPMP) is an array of pumping intervals. NPMP pumping
intervals are read from card format (table 2) in convenient wunits. The
variable FCTR is used to change the units of PINT to seconds. At the
beginning of each pumping period, subroutine RCHRG is called and the number of
pumping nodes (NREC) to be simulated during the pumping period is read. (See
discussion of NREC.)

Line B87: TIM(NTIM) is an array of time increments, in seconds, which

are used to simulate the duration of each pumping period. The time-step
variable (TDEL) in SUBROUTINE |ITERAT is assigned successive values from the
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array TIM wuntil calculations have proceeded the maximum number of time steps
(NTIM) or the end of the pumping period is reached. For transient-flow
problems, the duration, in seconds, of each time increment (TIM) may be
" assigned successively larger.values. In 1line B84, the first time step,
TIM(1), 1is assigned a value, in seconds, from which successive time steps are
computed. In fact, a pumping period can be simuylated by a single time step
although the number of iterations required for convergence may become
excessive. An initial time step of about 1/100 of the shortest pumping period
is frequently used with successive time increments multiplied by a factor of
1.5 or 2.0. For steady-state solutions, any initial time step may be used.

The following variables are read or assigned values at the line numbers
indicated in SUBROUTINE TRANS.

Line C19: XDEL(NX) is an array of column widths (finite-difference grid
spacing in the X~direction). NX column widths are read from card format
(table 2) in convenient units. The variable FCTR is used to change the units
of XDEL to feet. In the program for the Piceance basin, XDEL is read in units
of 0.2 mile. ‘

Line C20: YDEL(NY) is an array of row heights (finite-difference grid
spacing in the Y-direction). NY row heights are read from card format (table
2) in convenient units. The variable FCTR is used to change the units of YDEL
to feet. |In the program for the Piceance basin, YDEL is read in wunits of
0.2 mile.

Line C43: S(NX,NY,NL) is an array of aquifer storage coefficients. The
storage coefficients for NL aquifers are assigned values in the program. For
steady-state solutions, the array of storage coefficients must be set equal to
zero. For transient~flow solutions with the Piceance basin model, uniform
storage coefficients of 0.001 were assigned to the upper aquifer (NL=1) and
0.0001 to the lower aquifer (NL=2).

Line C57: VPRM(NX,NY,NL) is an array used to read the transmissivity of
NL aquifers and the leakance of NL confining layers. The transmissivity of
the aquifers is read from card format (table 2) in convenient units. The
variable FCTR is used to change the units of VPRM to feet squared per second.
In the model of the Piceance basin, the transmissivity is read in units of
100 gallons per day per foot. The directional harmonic-mean transmissivities
(TMRX) are then computed from VPRM, XDEL, and YDEL for each node in the model.
Elements of the array THCK are then assigned values of 1.0 at nodes where VPRM
is not zero. One or more consecutive elements at the beginning and end of
each row and column in the transmissivity matrix must be zero. These elements
correspond to nodes in the finite-difference grid which are outside the
aquifer boundaries. Zero values of transmissivity at nodes within the aquifer
boundaries are not allowed.

Line C120: After the transmissivity data have been read into the

program, the leakance of NL confining layers is read from card format (table
2) into the array VPRM(NX,NY,NL) in convenient units. The variable FCTR is
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used to change the units of VPRM to inverse seconds. The leakance of the
upper confining layer (NL=1) is used to simulate the stream-aquifer interface.
A negative value of leakance is used to flag nodes along the stream courses
where ground-water discharge or recharge occurs. An appropriate Jleakance
value is then assigned in the program (line C134) to the corresponding
negative element of VPRM(NX,NY,1) to simulate hydraulic connection between the
stream and aquifer. In the Piceance basin model, an extremely large leakance
value (1.0 s~1) is assigned to these elements. In effect, the large leakance
value creates a constant head at each node on the stream course. A smaller
value could be used to simulate impedance to flow at the stream-aquifer
interface. All other elements of the array VPRM(NX,NY,1) are assigned zero
values. In the Piceance basin model, VPRM(NX,NY,2) is the leakance of the
cenfining layer separating the upper and lower aquifers and a uniform value of
1.55x10-10 571 is assigned to the array.

The following variables are read or assigned values at the 1line numbers
indicated in SUBROUTINE BOUDY.

Line D18: WT(NX,NY) 1is an array of constant hydraulic heads used to
control leakage at the stream-aquifer interface and create constant-head nodes
in the upper aquifer (NL=1). Elements of the array WT are read, in feet, from
card format. A constant head at node |,J in the upper aquifer is obtained by
setting WT(l,J) to the desired head value and assigning VPRM(I,J,1) the value
1.0. In the Piceance basin model, the altitude of the stream channel, in feet
above mean sea level, is assigned to corresponding elements of WT where
hydraulic connection between the alluvium and upper aquifer occurs. Arbitrary
values may be assigned to WT wherever VPRM(NX,NY,1) is equal to zero.

Line D24: HI(NX,NY,NL) is an array of initial hydraulic heads. Elements
of the array Hl are read, in feet, from card format for NL aquifers i{f IRHI
has been assigned the value 1. |If IRHI has the value 2, the computer cards
which make up the Hl data set must be omitted and the array HI is assigned
values in SUBROUTINE BOUDY, line D34. For steady-state solutions, the initial
hydraulic heads may be arbitrary; however, convergence to a solution may
require an excessive number of iterations. Therefore, the initial hydraulic
heads should approximate the solution as closely as possible. For transient-
flow problems, the solution depends directly on the initial hydraulic heads
which must be precisely defined. The Piceance basin ground-water~flow system
is essentially in a steady-state condition so that the steady-state solution
(HK) is used as the initial conditions for transient-flow simulations.

The following variables are read at the 1line indicated in SUBROUTINE
RCHRG.

Line E38: RCI(NX,NY,NL) is an array of uniform recharge velocities.
Uniform recharge to NL aquifers is read in convenient units from card format
(table 2). The variables R1, R2, and R3 are used to change the units of RCi
to feet per second. Recharge to the aquifers is considered to be negative.
SUBROUTINE RCHRG 1is called at the beginning of each pumping period but the
value of each element of RCI is assumed to be uniform throughout the period of
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simulation. Consequently, the recharge rate cannot be varied without modifi-
cation of the program. In the Piceance basin model, uniform recharge from
precipitation 1is assumed to occur only in the upper aquifer. Therefore, only
the elements of RCI(NX,NY,1) are read into the model and the elements of
RCI(NX,NY,2) are assigned the value zero in the program.

Line E57: NREC is the number of pumping nodes to be simulated during
each pumping period. |[|f NREC is greater than zero, the program will read
(Tine E61) NREC computer cards (table 2) containing the location (iX,1Y,IL) of
the pumping node and the pumping rate (RCE) for that pumping node. A data
card specifying NREC followed by NREC data cards defining IX, 1Y, IL, and RCE
must be included in the data set for each pumping period. In the Piceance
basin model, no wells are simulated in the steady-state solution and a value
of zero is read for NREC.

A listing of the computer program used to simulate steady-state ground-
water flow in the Piceance basin follows. A flow chart is included for the
main program and each subroutine to aid the user in understanding the program.
The program 1listing includes the input data set and a copy of the printed
output. The hydraulic head distribution given in the output is the steady-
state solution which is wused as initial conditions for transient-flow
problems.

23



MAIN PROGRAM

Load data
CALL PARLOD

For unsteady flow
Yes compute initial
volume of mass flux
CALL CHCKQ

No

First pumping
interval €
INT=1

Y

Sum total pumping time
PYR=PYR+PINT(INT)

1

Load steady recharge and
pumping for each interval
CALL RCHRG

¥

Initialize time step
N=1

¥

Calculate heads
. CALL ITERAT

Y

Calculate print
control

N=N+1 | REMN

Print head values
and head maps
CALL OUTPT
Print head values
and head maps
CALL OUTPT
Calculate and print
Yes
mass balance
CALL CHCKP
No
No INT=NPMP >

Punch head values
on cards
HK(NX,NY,NL)
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SUBROUTINE PARLOD

Assign values to
parameters
NTIM NX NL NITP
NPMP NY TOL

'

Assign program
option values
NPNT PMP
OPTP IRHI

v

Initialize
SUMT=0 VPUMP=0
PYR=0 VRECH=0
PINT({l)=0 VFLUX=0

}

Read duration of
pumping intervals |
PINT(NPMP)

v

Assign time steps
TIM(NTIM)

b

Load hydrologic data
CALL TRANS

¥

Load initial heads
CALL BOUDY

¥

Compute iteration
parameters
AOPT(NITP)
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SUBROUTINE TRANS

Read and print

X—Y spacing
XDEL(NX)
YDEL(NY)

Assign storage
coefficients
S(NX,NY,NL)

Read and print
transmissivity data
VPRM(NX,NY,NL)

!

Compute directional harmonic—
mean transmissivity
TMRX(NX,NY,IDL)

B!

Compute minimum
iteration parameter
HMIN

!

Assign aquifer thickness where
transmissivity is not zero
THCK(NX,NY.NL)

Read and print
leakance of
confining layers
VPRM(NX,NY,NL)

3

Check VPRM for negative
values and assign large

value (1.0) to VPRM at
constant head boundaries
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SUBROUTINE BOUDY

START
Read constant heads
into WT(NX,NY)

Yes | Assign initial heads
HI(NX,NY,NL)

No
Read initial head
into HI(NX,NY,NL)

Print initial heads /.
WT,HI '/

'

Initialize row, column,
and solution head arrays

HR,HC.HK
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SUBROUTINE RCHRG

START

Initialize
REC(NX,NY,NL)

Yes

INT>1

No

Assign areal uniform
recharge rates
R1,R2,R3

!

Read and print recharge
area codes
RCI(NX,NY,NL)

'

Assign uniform recharge
rates by codes
RCI(NX,NY,NL)

v

Read number of
pumping nodes
NREC

Yes

NREC=0

No

Read location and
pumping rate for
NREC nodes

|

Sum recharge and
pumping at each node [«

REC(NX,NY,NL)
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SUBROUTINE ITERAT

Set new time increment TDEL
Sum total time SUMT
Initialize iteration counter KOUNT

R}

Assign new iteration

parameter PARAM

T

Start computations
in first aquifer
IL=1

!

Perform row and column
computations
CALL COMPRC

@ No =i+

Yes

Increment iteration
counter

KOUNT=KOUNT+1

Yes | Assign head solution
for time step to
HK(NX,NY,NL)

No

No Yes v
. > es

No

Compute mass balance
for time step
CALL CHCKQ

!}

Print time step number N
and number of iterations
KOUNT
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SUBROUTINE COMPRC

Initialize convergence
parameter
TEST=0

{

Perform row computations
for solution of tridiagonal
coefficient matrix
HR(NX,NY,NL)

!

Perform column computations
for solution of tridiagonal
coefficient matrix
HC(NX,NY.NL)

'

Check tolerance for convergence
set TEST=1.0 if head change
from last iteration is greater

than TOL
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SUBROUTINE OUTPT

START

Heads at each node

Print

Number of time stepsN

Total time SUMT
HK(NX,NY,NL)

@ Yes

No

Print head map
and head

difference map

RETURN
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SUBROUTINE CHCKP

Initialize
variables

IPMP=1

No

Compute water released
from storage QSTR
for total time

!

Print pumping interval

number INT, total time

SUMT, pumping period
time PINT(INT)

"

Compute recharge rate RECH
and pumping rate PUMP for [«—

pumping period

.

Compute volume of recharge
VRECH and volume of pumping

VPUMP for total time

Print QSTR, VRECH,
VPUMP

Yes
IPMP=1

No

Compute mass
balance BAL

Print VFLUX
and BAL

Compute total inflow
QIN and total outflow

QOUT and inflow—outflow
array Q(NX,NY)

Print QIN and QOUT
and inflow—outflow
map
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SUBROUTINE CHCKQ

Initialize
FLUX2=0

}

Compute outflow at
constant head nodes
FLUX2 for time period

@ Yes

No

Compute total volume of
outflow at constant head
nodes VFLUX using the
average flux %2(FLUX1+FLUX2)
for time step

FLUX1=FLUX2
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INPUT DATA LISTING

Card numbers Data set for FORMAT
1 PINT(25) 25F3.0
2 XDEL(29) 29F2.0
3 YDEL(33) 33F.20 -
4-36 VPRM(29,22,1) 29F2.0
37-69 VPRM(29,33,2) 29F2.0
70-102 VPRM(29,33,1) 29F2.0
103-135 VPRM(29,33,2) 29F2.0
136-234 WT(29,33) 10F8.2/10F8.2/9F8.2
235-330 HI(29,33,1) 10F8.2
331-426 H1(29,33,2) 10F8.2
427-459 RCI(29,33,1) 29F2.0
460 NREC 113
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